Several former top players sent a letter to the International Tennis Federation (ITF) encouraging the governing body to revisit the question of rackets. In the letter, the players wrote that racket technology has led to major changes in how the game is played at the top level. This paper investigated the physical properties of a new type of racket with active piezoelectric fibers appeared recently in the market, and predicted the various factors associated with the frontal impact, such as impact force, contact time, deformation of ball and strings, and also estimated the racket performance such as the coefficient of restitution, the rebound power coefficient, the post-impact ball velocity and the sweet areas relevant to the power in tennis. It is based on the experimental identification of the dynamics of the ball-racket-arm system and the approximate nonlinear impact analysis with a simple swing model. The predicted results with forehand stroke model can explain the difference in mechanism of performance between the new type racket with active piezoelectric fibers and the conventional passive representative rackets. It showed that this new type racket provides higher coefficient of restitution on the whole area of string face and also gives larger rebound power coefficients particularly at the topside and bigger powers on the whole area of string face but the difference was not so large. It seems that the racket-related improvements in play are relatively small and the players themselves continue to improve, accordingly there is a gap between a perception and reality.
Introduction
According to the recent news (August 2003), several former top players, including McEnroe, Boris Becker and Martina Navratilova, sent a letter to the International Tennis Federation (ITF) encouraging the governing body to revisit the question of rackets. In the letter, the players wrote that tennis has become "unbalanced and one-dimensional." "The sport has lost something, lost some subtlety, some strategy, some of the nuance. Rackets today allow players to launch the ball at previously unthinkable speeds, approaching 150 mph." "The reason for this change is clear to see," they wrote. "Over a period of years, modern racket technology has developed powerful, light, wide-bodied rackets that are easier to wield than wooden rackets were and have a much larger effective hitting area." "They're high-tech weapons made of graphite, Kevlar, titanium and exotic alloys. There's even a racket with a chip built into the handle that allows the racket to stiffen upon impact with the ball. All of this technology has led to major changes in how the game is played at the top level."
Since tennis should be learned from experience, it is a subjective thing. Thus, it is quite difficult to see how the physical properties of a tennis racket have an effect on the performance of a player (1) - (8) .
The lightweight racket with handle-light configuration is recent tendency of high-tech rackets, increasing power with an increasing racket swing speed. However, the previous paper of the author showed that the lightest racket at present in the market has advantage for racket head speed, but disadvantage for coefficient of restitution, rebound power, and post-impact velocity for ground stroke, and it has also large shock vibrations at the racket handle compared to the ordinary lightweight racket. This means there is a limit to current lightweight design from the viewpoint of tennis racket performance (9) . The engineers and racket designers at the racket companies seem to be under intense pressure to keep pumping out new and better technologies every year. This paper investigates the physical properties of a new type of racket with active piezoelectric fibers appeared recently in the market (10) , and predicts the various factors associated with the frontal impact, such as impact force, contact time, deformation of ball and strings, and also estimates the racket performance such as the coefficient of restitution, the rebound power coefficient, the post-impact ball velocity and the sweet areas relevant to the power in tennis. It is based on the experimental identification of the dynamics of the ball-racket-arm system and the approximate nonlinear impact analysis with a simple swing model. The vibration characteristics of a racket can be identified using the experimental modal analysis because the amplitudes are relatively small compared to the deformations of strings and a ball. The damping characteristics of the racket-arm system are identified at the wrist joint and the racket handle during actual impact in the forehand ground stroke. The racket vibrations can be simulated by applying the impact force-time curve derived from the nonlinear analysis based on the measured nonlinear restoring force characteristics of a ball and strings and the collision experiment between a ball and strings with the racket head clamped. This system enables us to predict quantitatively the performance of various rackets with various specifications and physical properties, even with recent innovative complex structures like active piezoelectric fibers. Figure 1 shows a racket with active piezoelectric fibers and a chip that allows the racket to stiffen upon impact with the ball according to the racket maker's catalogue.
Technical background was shown as follows (10) . Piezoceramic materials have been applied for damping of vibrations. What makes the current technology radically different is that it is an active damping system. In the passive system, the electrical energy is dissipated across a shunt circuit, while in the active system the electrical energy is stored and released back into the materials such that it actively damps the vibration, without using any external energy. , with the board being encased in Polyurethane form, to protect it from the heat and mechanical vibrations. The unit is added to the racket lay-up just before insertion into the mold, with the Intellifibers TM forming the outside layer of the racket and the circuit board placed between the two carbon fiber tubes forming the racket handle. The unit is therefore molded as an integral part of the racket's structure. Test performed on rackets with the Chipsystem TM , using an accelerometer, reveal up to a 50 % reduction in the damping ratio of the vibration of a freely suspended racket.
Method to Predict the Frontal Impact Between Ball and Racket
We introduce the reduced mass M r of a racket at the impact location on the racket face in order to make the impact analysis simpler. It can be derived from the principle of the conservation of angular momentum if the moment of inertia and the distance between an impact location and a center of gravity are given. Consider a ball that impacts the front of a racket at a velocity of V B0 and also assume that the racket after impact rotates around the center of gravity, which moves along a straight line. The impulse S could be described as the following equation, where m B is the mass of a ball, V B the post-impact velocity of a ball, M Ｒ the mass of a racket, V G the post-impact velocity of the center of gravity (pre-impact velocity V G0 = 0 ).
(1)
The following equation can be expressed if the law of angular momentum conservation is applied, where the distance b 0 between the center of gravity and the impact location, the inertial moment I G0X around the center of gravity and the mass M Ｒ of a racket, and the angular velocity ω immediately after impact (pre-impact angular velocity ω 0 = 0) are given.
Based on the geometric relationships, the velocity V R at the impact location of the racket after impact can be expressed as follows:
When ω and V G are eliminated, the following equation can be written:
Thus, we can express the law of conservation of linear momentum as
where,
The symbol M r refers to the reduced mass at the impact location for a racket freely suspended. Thus the motion of a racket as a rigid body could be analyzed as though the racket were a particle.
The inertial moment I G0X is obtained using X T ; the measured pendulum vibration period, g; the gravity acceleration, a; the distance between the support location and the center of gravity of a racket as a physical pendulum.
The shock forces during impact are assumed to be one order of magnitude higher than those due to gravity and muscular action. Accordingly, we consider the racket to be freely hinged to the forearm of the player, the forearm being freely hinged to the arm and the arm freely hinged to the player's body. We can deduce that the inertia effect of the arm and the forearm can be attributed to a mass M H concentrated in the hand; therefore the analysis of impact between ball and racket can be carried out by assuming that the racket is free in space, as long as the mass M H is applied at the hand grip. The reduced mass M r at the impact location with a racket-arm system can be derived as
where
and L Ｇo denotes the distance between the center of mass and the grip end of the racket, I ＧoX the moment of inertia with respect to the center of gravity of the racket, b o the distance between the center of gravity and the impact location of the racket, and L H the distance of the point of the hand grip from the grip end. The moment of inertia with respect to the center of gravity and the distance of the center of gravity from the impact location of the racket-arm system are indicated by I ＧMX and b, respectively. Figure 2 shows the single degree of freedom model of impact between a racket and a ball by introducing a reduced mass of a racket.
In case the vibration of the racket frame is neglected, the momentum equation and the measured coefficient restitution e GB give the approximate post-impact velocity V B of a ball and V R of a racket at the impact location. The impulse could be described as the following equation using the law of conservation of linear momentum and the equation for the velocity difference with the coefficient of restitution, where m B is the mass of a ball, M r is the reduced mass of a racket-arm system at the hitting location, and V Bo and V Ro are the ball velocity and racket head velocity before impact, respectively.
Assuming the contact duration during impact to be half the natural period of a whole system composed of m B , K GB and M r as shown in Fig.2 , the contact time T c could be obtained according to the vibration theory.
In order to make the analysis simpler, the approximate equivalent force F mean can be introduced during contact time T c , which is described as
Thus, from Eq. (13), Eq. (14) and Eq.(15), the relationship between F mean and corresponding K GB against the pre-impact velocity (V BO -V Ro ) is given by
where e BG is the measured coefficient of restitution (11) when a ball strikes the clamped string bed for estimating energy loss of the ball and the strings, being equivalent to the nonlinear damping coefficient C GB in Fig.2 .
On the other hand, the non-linear relationship between the measured restoring force F GB (Fig.3) vs. stiffness K GB (Fig.4) of the composed strings/ball system can be expressed in the form
From Eq.(16) and Eq.(17), K GB and F mean against the pre-impact velocity can be obtained, accordingly T C can also be determined against the pre-impact velocity (11) . A comparison between the measured contact times during actual forehand strokes and the calculated ones when a ball hits the center of the strings face of a conventional type racket, showing a good agreement (11) . Since the force-time curve of impact has an influence on the magnitude of racket frame vibrations, it is approximated as a half-sine pulse, which is almost similar in shape to the actual impact force. 
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The mathematical expression is
where F max =πF mean /2. The Fourier spectrum of Eq.(18) is represented as
where f is the frequency. The vibration characteristics of a racket can be identified using the experimental modal analysis (9) - (14) and the racket vibrations can be simulated by applying the impact force-time curve to the hitting portion on the racket face of the identified vibration model of a racket. When the impact force S j (2πf k ) applies to the point j on the racket face, the amplitude X i j k of k -th mode component at point i is expressed as
where r i j k denotes the residue of k-th mode between arbitrary point i and j, and S j (2πf k ) is the impact force component of k-th frequency f k . Figure 5 shows the string meshes for vibration model and impact locations for impact simulation, and Fig.6 shows an example of the calculated shock shape when a ball strikes the center on the string face.
The energy loss due to the racket vibration induced by impact can be derived from the amplitude distribution of the vibration velocity and the mass distribution along the racket frame. The coefficient of restitution e r (COR) can be derived considering the energy loss E 1 due to racket vibrations and E 2 due to large deformations of a ball and strings corresponding to the coefficient e BG . If a ball collides with a racket at rest ( V Ro = 0), the coefficient of restitution e r corresponding to the total energy loss E (= E 1 + E 2 ) can be obtained as
The ratio of rebound velocity against the incident velocity of a ball when a ball strikes the freely suspended racket ( V Ro = 0) is defined as the rebound power coefficient e written as Eq. (22), because the coefficient e is often used to estimate the rebound power performance of a racket experimentally in the laboratory. A comparison between the measured e and the predicted e when a ball hit a freely-suspended racket (about 30 m/s) showed a good agreement between them (11) . Fig.3 Restoring forces vs. deformation of a ball, strings, and a composed ball/string system assuming that a ball deforms only at the side in contact with the strings (11) . Fig.4 Stiffness vs. deformation of a ball, strings, and a composed ball/string system assuming that a ball deforms only at the side in contact with the strings (11) .
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The power of the racket could be estimated by the post-impact ball velocity V B when a player hits the ball. The V B can be expressed as Eq.(23). The pre-impact racket head velocity V RO is given by L X (πN s / I s ) 1/2 , where L X denotes the horizontal distance between the player's shoulder joint and the impact location on the racket face, N s the constant torque about the shoulder joint, and I s the moment of inertia of arm/racket system about the shoulder joint. Figure 7 shows a simple forehand ground stroke swing model (5) , (6) .
(a) (b) Fig.5 String meshes for vibration model and impact locations for impact simulation. 
Performance Estimation of Tennis Racket with Active Piezoelectric Fibers Compared to the Conventional Passive rackets in terms of Power
Now we can predict the various factors associated with the tennis impact when the impact
Journal of System Design and Dynamics
Vol. 4, No. 1, 2010 velocity or swing model and the impact locations on the racket face are given. Furthermore we can estimate the performance of the various rackets with different physical properties. Figure 8 shows the geometry of Intelligent fiber racket Is-10. Table 1 shows the physical properties of three representative rackets (Intelligent fiber Is-10, Lightest racket TSL, Highest power racket EOS120A among available passive rackets), where I GY denotes the moment of inertia about the center of mass, I GR the moment of inertia about the grip 70 mm from grip end and I GX the moment of inertia about the longitudinal axis of racket head. Table 2 shows the result of experimental vibration modal analysis and Fig.9 shows the mode shapes of rackets Is-10, TSL and EOS120A (3) , (12)- (14) . The 1st mode frequency of racket Is-10 is higher than those of the other rackets considering the other frequencies. It is the reason that the piezo-electricity is embedded at the anti-node of 1st vibration mode of racket frame. Figure 10 shows the reduced mass of racket at the hitting locations on the string face and Fig.11 shows the predicted pre-impact racket head velocity V Ro (Ns= 56.9 Nm, V B0 =10m/s) at the hitting locations on the string face. Figure 12 shows the comparison of the predicted coefficients of restitution e r between three rackets during forehand stroke. It is seen that e r of intelligent fiber racket is higher than that of a lightest racket TSL and quite high even at the top side off-center on the string face, because the energy loss due to frame vibrations are rather small.
The intelligent fiber racket also gave larger rebound power coefficients particularly at the topside shown in Fig.13 . Figure 14 shows the predicted post-impact ball velocity V B at each hitting location along the longitudinal centerline on the racket face. Figure 15 shows the difference in sweet area in terms of racket power or V B between three rackets compared to a wooden racket (375 g). It is seen that V B of intelligent fiber racket is higher than that of a lightest racket TSL and quite high even at the top off-center on the string face. The post-impact ball velocity V B of racket is-10 is 5 % larger at the center 
Vol. 4, No. 1, 2010 hitting and 14 % larger at the top off-center hitting compared to wooden racket. Although this new type racket surely provides higher coefficient of restitution on the whole area of string face and also gives larger rebound power coefficients at the topside and bigger powers on the whole area of string face but the difference was not so large. It seems that the racket-related improvements in play are relatively small and the players themselves continue to improve by making use of racket improvement, accordingly there is a gap between perception and reality. 
Conclusions
This paper predicted the various factors associated with the frontal impact, such as impact force, contact time, deformation of ball and strings, and also estimated the racket performance such as the coefficient of restitution, the rebound power coefficient, the post-impact ball velocity and the sweet areas relevant to the power in tennis.
The predicted results with forehand stroke model could explain the difference in mechanism of performance between the new type racket with active piezoelectric fibers and the conventional passive representative rackets. It showed that this new type racket provides higher coefficient of restitution on the whole area of string face and also gives larger rebound power coefficients particularly at the topside and bigger powers on the whole area of string face but the difference was not so large. It seems that the racket-related improvements in play are relatively small and the players themselves continue to improve by making use of racket improvement, accordingly there is a gap between perception and reality.
